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ABSTRACT 
Rabbit retinas werc fixed for electron microscopy immediately after removing the eye and 
aftcr incubations in a control medium and in three different deprivation media that wcrc 
identical with the control except for the omission of glucosc,  oxygen, or both. A systematic 
comparison was made of the electron microscopic appearance of the different retinas with 
particular attention to four regions: rod inner segments, rod synapses,  bipolar cell bodies, 
and ganglion cell myelinated axons.  Retinas fixed after 1 hour of incubation in the control 
medium appeared virtually identical with thosc fixed  immediately after ocular removal. 
Rctinas deprived of oxygen and glucose for only 3 minutes showed  generalized swelling of 
mitochondria and altcrations in the structure of the synapses with loss of synaptic vesicles. 
Extending the combined deprivation caused further mitochondrial swelling and synaptic 
changcs and  also  led  to  progressive swelling of the  Golgi mcmbrancs and the  granular 
endoplasmic rcticulum. All thcse changcs were almost complctely reversible for up to  20 
minutes but were irreversible by 30 minutes, at which time multiple discontinuities had 
appeared in cell and organelle membranes. Anoxia alone produced altcrations similar to 
those  found after somewhat shorter periods of the combincd dcprivation, whereas glucose 
withdrawal  produced  only minor changes.  These  electron microscopic results  correlate 
quite well with previously reported clectrophysiological measurements. 
INTRODUCTION 
In the central ncrvous system, dcprivation of oxy- 
gen or glucose  produces a rapidly progressive  loss 
of function which is irreversible unless these essen- 
tial nutrients are resupplied within a limited time. 
The changes taking place in nervous tissue fol- 
lowing deprivation arc important to both cellular 
biology and clinical medicine, and havc bccn the 
object of a  considerable number of investigations 
(see, for example, reference 13, and the review in 
reference 15). Light microscopic examination im- 
mediately after an acute, severe episodc of anoxia 
or  hypoglycemia  revcals  no  abnormalities,  and 
survival for many hours is required to reveal his- 
tologically  the  characteristic  pattern  of  cellular 
necrosis.  Electron microscopic studies have shown 
much earlier changes, for example in the cerebral 
cortex of hamsters subjected to repeated nitrogen 
asphyxiation  (7)  and  in rabbit brain slices  sub- 
jected  to  anoxia and glucose  withdrawal  in  vitro 
(6).  Much  remains  to  be  elucidated,  however, 
concerning both the chemical and the morpholog- 
ical  events  that  result  from  interruption of  the 
885 normal energy metabolism of nervous tissue. And, 
in particular,  little is known of the specific events 
responsible for the first irreversible damage. 
The interpretation of the changes consequent to 
deprivations  performed  in  vivo  is  complicated  by 
the  fact  that  hypoxia  and  hypoglycemia  are  ac- 
companied by other changes in the internal milieu 
of the organism which may contribute importantly 
to  the lesions produced.  Also,  total withdrawal of 
oxygen or glucose,  of abrupt onset and temporary 
duration,  is virtually impossible to  achieve in  the 
intact animal. 
The use of isolated tissue for studying the effects 
of deprivation  appears  to  offer  a  number of ad- 
vantages.  It  permits  abrupt  and  complete  with- 
drawal  of  one  or  more  nutrients  without  other 
changes in  the cellular milieu,  as well  as  prompt 
reversal of the deprivation for the study of recovery. 
The  tissue can be fixed for examination promptly 
and easily at any point in the course of the experi- 
ment,  which  avoids  superimposing  the  effects  of 
an isolation procedure upon the changes produced 
by  the  experimental  variable.  For  in  vitro  studies 
to  be  meaningful,  however,  they  must  be  per- 
formed  on  tissue  that  can  be  kept  normal,  or 
nearly so, during incubation under control condi- 
tions. 
The  studies  to  be reported  were  performed  on 
isolated rabbit retina.  On the basis of embryology, 
morphology,  chemistry,  and  function,  the  retina 
appears  to  be  a  reasonable  prototype  for central 
nervous  tissue.  It  can  be  isolated  rapidly  and 
atraumatically.  In  the  rabbit,  the  retina  has  no 
penetrating  blood  vessels,  so  that  maintaining  it 
in vitro  by diffusion from either surface  represents 
litde change from  the  situation  obtaining in  vivo. 
Chemical  and physiological studies previously re- 
ported  (3,  1)  and  morphological  evidence  to  be 
presented  here  indicate  that  retinas  incubated 
under  control  conditions  remain  nearly  normal. 
Because  it is so  thin,  the retina can be fixed  rap- 
idly, and it has the further advantage of an orderly, 
stratified cellular pattern which makes the identi- 
fication  of  comparable  areas  from  different 
specimens relatively easy. 
Retinas were examined  immediately  after enu- 
cleation  and  following  incubations  in  a  control 
medium and in media deprived of oxygen or glu- 
cose or both. As will be shown,  fine structure was 
well maintained in the control medium but showed 
rapid and progressive deterioration in media lack- 
ing  oxygen  and  glucose.  Up  to  a  point,  these 
changes were reversible. The effect of deprivation 
on morphology has been compared with its effect 
on  electrophysiology  as  measured  in  a  previous 
series of experiments (2). 
METHODS 
The  procedure  for  isolating  and  incubating  the 
retina  has  been reported  in  detail  (1)  and  will  be 
summarized here.  New Zealand White rabbits were 
anesthetized  with  intravenous  pentobarbital,  10 
mg/kg,  and  with ether  by mask.  In  a  room  main- 
tained  at  38°C,  the  eye  was  enucleated  and  hemi- 
sected.  The vitreous was removed from the posterior 
half,  which  was  immediately  immersed  in  medium 
where  the  retina,  with  attached  segment  of  optic 
nerve, was gently isolated from the choroid and sclera. 
The interval between interruption of blood flow and 
immersion of the retina in oxygenated  medium was 
less  than  20  seconds,  and  the  rest  of  the  isolation 
required about 10 minutes. In some experiments, the 
retina and optic nerve were bisected to permit com- 
parison, in halves of the same tissue, of two types of 
deprivation  or  of  deprivation  and  subsequent  re- 
covery. 
Incubations  were  conducted  in  "boats,"  con- 
taining 20 ml of control or test medium, which were 
gently rocked to move the tissue through the medium 
and to maintain equilibration between medium and 
overlying gas phase. In experiments involving glucose- 
free  medium,  the retinas were  rinsed thoroughly in 
the  test  medium  before  being  transferred  to  the 
incubation boat, to avoid carry-over of glucose from 
the medium used for isolation. 
The  control  medium  resembled  human  cerebro- 
spinal  fluid  in  its  electrolyte  composition  (3),  con- 
tained  10 mM glucose as its only organic constituent, 
and  was  equilibrated with  a  gas mixture of 95 per 
cent 02  and 5  per cent CO2.  The three test media 
were identical with the control except for omission of 
glucose, substitution of 95 per cent N2 for 95 per cent 
02 in the gas phase,  or both.  In studies of recovery 
from deprivation, the retina was transferred from the 
boat containing the test medium to a boat containing 
control medium for a  specified period of time before 
removal  for  fixation.  A  total  of 39  specimens were 
examined;  4  were  fixed  immediately  after  ocular 
hemisection  and  the  remainder  after  isolation  and 
incubation  under  varying  conditions,  as  shown  in 
Fig.  1. 
At the end of incubation, and while still immersed 
in  medium,  each  retina,  or  half retina,  was  gently 
spread over a circular piece of white Terylene curtain 
gauze with a  4-ram mesh which supported the tissue 
and prevented folding during transfer to the fixative. 
The fixative was prepared by adding 1 gm of OsO4 
and  12 ml of distilled water  (to maintain isotonicity) 
to  100 ml of the bicarbonate-buffered medium.  The 
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FmtraE 1  Amplitude of light-evoked response recorded from optic nerves of isolated retinas under control 
conditions (solid line), during three types of deprivation (dotted lines), and during recoveries (solid lines 
following dotted lines). Curves redrawn from a previous study (2) to indicate the functional capacity of 
the 85 specimens (identified by numbers with arrows)  used in the present investigation.  (In the retinas 
studied electrically, the combined deprivation was performed at 87°C, but the deprivations of oxygen 
and glucose alone and all the recoveries were performed at 80°C and are therefore not precisely com- 
parable with those in the present study.) 
medium used in preparing fixative for a  given retina 
was the same as that in which the tissue had last been 
incubated.  It was equilibrated with the appropriate 
gas  phase  and  the  OsO4  was  dissolved  at  room 
temperature  over  a  period  of  10  minutes,  using  a 
sealed container and an air-driven magnetic stirrer to 
prevent loss of CO2.  Thus prepared, the fixative had 
a  pH  between  7.4  and  7.5  and  an  osmolality  by 
freezing point  determination  that  was within  2  per 
cent of that of the incubation medium. 
The  fixative  was  cooled  to  4°C  before  use.  The 
retinas were fixed for 1 hour at this  temperature and 
then dehydrated in graded concentrations of chilled 
methanol: 2  minutes each in 95,  35,  50,  70,  and  80 
per cent,  5  minutes in 95  per cent,  and  20  minutes 
each in two changes of 100 per cent. 
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5 : 5 ratio of A  and B mixtures and accelerator.  After 
dehydration,  the  retinas  were  infiltrated  briefly  in 
1:1  and 3:1  Epon-propylene oxide solutions at 4°C 
and  room  temperature,  respectively.  They  were 
then embedded flat in the undiluted Epon. 
After hardening, samples from the. myelinated and 
unmyelinated regioEs of the retina, 0.8 to 1.2 cm from 
the disc, were cut out with a dental drill and oriented 
for radial or tangential sectioning by reembedding the 
blocks  in  capsules  containing Epon.  Thick  sections 
were  cut  with a  Porter-Blum microtome.  By phase- 
contrast  microscopy,  areas  were  selected  which 
showed the best orientation of receptor cells and were 
free  of  the  occasional  tears,  small  folds,  or  defects 
resulting  from  the  dissection  or  incubation  proce- 
dure. Thin sections were cut with a  duPont diamond 
knife  on  a  LKB  microtome  and  were  picked  up, 
unsupported, on LKB A7 slotted grids. After staining 
with uranyl acetate and lead citrate  (16),  they were 
viewed  and photographed in a  Siemens Elmiskop I, 
using a  pointed tungsten filament. 
.  RESULTS 
Retinas, fixed at five stages during the control ex- 
perimental procedure, were studied to see whether 
or  not the  effects of the  isolation  and  incubation 
per se affected  retinal morphology.  No  differences 
were  apparent  in  a  comparison  made  by  means 
of phase-contrast microscopy  of retinas fixed  im- 
mediately after ocular hemisection,  at the end of 
the 10-minute isolation procedure, or after incuba- 
tion in  control medium for  1 hour  (Fig.  2).  3-he 
outer  and  inner  segments  were  uniform  in  size 
and orientation; the internal and external limiting 
membranes  were  straight;  the  layers  of receptor 
and bipolar cell nuclei were evenly arranged;  the 
circular or oval myelinated  axons were  collected 
in  compact  bundles.  However,  in  retinas  incu- 
bated  for  90  or  120  minutes,  there  were  focal 
distortions of inner and outer segments; occasional 
amorphous  spaces  were  apparent  intra-  and 
extracellularly;  and  the  contour  of  myelinated 
fibers was more variable. 
Electron  microscope  study  of  retinas  fixed  at 
each of these stages  showed  good  tissue  preserva- 
tion  after  isolation  alone,  or  after  isolation  and 
incubation for  1 hour  (Figs.  3,  4,  9,  16,  and  21). 
The  membranes  of cell  surfaces,  nuclei,  and  or- 
ganelles  were  intact;  mitochondria  in  rod  inner 
segments  and  in  bipolar  and  ganglion cells  were 
not  swollen;  synaptic vesicles of similar size  were 
quite  uniformly  distributed  in  receptor  cell  syn- 
apses; very few distortions were present in myelin 
lamellae.  However,  more variation in  the spacing 
of outer  segment discs and fewer Mfiller cell  gly- 
cogen  particles were  observed in isolated  and  in- 
cubated  retinas  than  in  those  fixed  immediately 
after ocular hemisection.  In retinas incubated for 
90 or 120 minutes, the ultrastructure of many areas 
was  similar  to  that  illustrated  for  60  minutes  of 
incubation,  but  elsewhere  there  were  occasional 
structureless  spaces,  membrane  discontinuities, 
swollen organelles, and myelin distortions. 
Because  the  electron  microscopic  appearance 
of retinas fixed  immediately was very well main- 
tained during  1 hour of incubation under control 
conditions  and  because  the  great majority of the 
test  incubations  lasted  60  minutes  or  less,  the 
1-hour  controls  were  used  as  the  basis  of  com- 
parison  for retinas subjected  to  deprivation  or  to 
deprivation followed by recovery. 
The morphological comparisons were restricted 
to cell components available in large numbers in a 
single thin section, in order  to minimize the sam- 
pling limitations of electron microscopy.  The four 
regions studied intensively were the rod inner seg- 
ments, the rod synapses,  the bipolar cells,  and the 
ganglion  cell  myelinated  axons,  each  of which  is 
described  and illustrated  separately. 
FIGURE ~  Phase contrast photomicrograph of a radial section of the retina with the rod 
outer segments (OS) at the top of the figure. The four regions to be shown electron micro- 
scopically are the rod inner segments (IS), the rod synapses  (S), the bipolar cells  (B), 
and the ganglion cell myelinated axons (M). An inner segment area corresponding to that 
outlined is illustrated in Fig. 3.  )< 700. 
FmtmE 3  Rod inner segments, after 1-hour incubation in control medium, with cylindrical 
mitochondria (m),  profiles of the granular endoplasmic reticulum  (er),  and Golgi mem- 
branes (g). Desmosomes (d)  form junctions between inner segments and adjacent Mtlller 
cell processes (Mu). The upper and lower rectangles indicate the areas illustrated at higher 
magnification in a and b of Figs. 4 to 8.  )<  11,000. 
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In  the  rod  cell,  the outer  and  middle  portions 
of  the  inner  segment  are  filled  with  cylindrical 
mitochondria  (measuring  approximately  8  mi- 
crons in length and 0.4 micron in diameter) which 
branch occasionally and terminate adjacent to the 
Golgi complex and  profiles of the granular  endo- 
plasmic reticulum  (Fig.  3).  Occasional  lysosomes, 
filaments,  and  microtubules  and  many  glycogen 
granules are also present in this area. A  small col- 
lection of mitochondria  and  many  glycogen  par- 
ticles lie in  Miiller cell processes next to  the des- 
mosomes;  extensions  of  these  processes  separate 
adjacent receptor cell inner segments  (Fig.  3). 
A  striking  feature  of deprivation  and  recovery 
was  the change in  the size and  internal  structure 
of  inner  segment  mitochondria  (Figs.  5  to  8). 
Slight  mitochondrial  swelling,  associated  with 
matrix  enlargement,  was  apparent  after  only  3 
minutes of combined oxygen and glucose depriva- 
tion  (Fig. 5),  and became more prominent after 7 
minutes; after 10 minutes, most mitochondria were 
severely  swollen;  occasionally,  they  were  only 
slightly enlarged.  At 20 minutes,  when more gen- 
eralized  receptor  cell swelling was  also  apparent, 
virtually  all  mitochondria  showed  severe  matrix 
swelling  although  their  limiting  membranes  and 
most cristae remained  intact  (Fig.  6).  After com- 
bined deprivation  for 30 minutes,  there  was con- 
siderable variability in the appearance of the mito- 
chondria  though  all were  grossly  abnormal  (Fig. 
8).  Some,  with  only minimal  changes  in  surface 
membranes  and cristae,  showed very marked ma- 
trix enlargement.  In others,  which were less swol- 
len,  the  surface  membranes  were  discontinuous 
and  poorly  defined  in  some  areas;  amorphous 
remnants  of  cristae  occupied  the  matrix.  Dense 
particles,  present  in  mitochondria  deprived for  3 
to  20  minutes,  could  still  be  identified  in  a  few 
swollen  mitochondria  after  30  minutes  of  with- 
drawal. 
Both  the constancy of the size of mitochondria 
under control conditions and  their progressive en- 
largement during deprivation were observed con- 
sistently.  In order to compare more quantitatively 
the effects of the different incubations,  mitochon- 
drial widths were measured  on low-magnification 
micrographs of the type shown in Fig. 3. Measure- 
ments were made only on mitochondria whose ex- 
tended  length and  sharply defined limiting mem- 
branes  indicated  a  section  near  the  longitudinal 
axis;  only  one  measurement  was  made  on  each 
mitochondrion in a  region which appeared  to rep- 
resent  its  average  diameter.  A  total  of 469  mito- 
chondria  were  measured  in  retinas  incubated 
under seven experimental conditions; mean diam- 
eters,  with  their  standard  errors,  were calculated 
for each condition. The results, presented in Table 
I, confirmed the impression obtained from casual 
inspection of the micrographs. 
Withdrawal of oxygen alone for 10 and 30 min- 
utes resulted in mitochondrial swelling comparable 
with that found after 3 and 20 minutes of combined 
deprivation,  respectively;  the  outer  membranes 
and  most cristae remained intact. 
After  10  minutes  of  glucose  deprivation,  the 
inner  segment  mitochondria  appeared  normal; 
after 30 minutes a slight enlargement was apparent 
in some mitochondria. 
Although  profiles of the  granular  endoplasmic 
reticulum and the Golgi complex were slightly less 
uniform  after  3  minutes  of  oxygen  and  glucose 
withdrawal than in the controls (Fig. 5), significant 
dilatation  of  these  organelles  was  first  observed 
after  7  minutes  and  increased  progressively  after 
deprivations lasting  10  to 20  minutes  (Fig.  6);  at 
30  minutes,  ribosomes  were  separated  from  cis- 
ternal  remnants,  and  multiple membrane  discon- 
tinuities  were  present  in  both  the  endoplasmic 
reticulum  and  the  Golgi complex  (Fig.  8).  After 
10  and  30  minutes  of glucose  deprivation,  these 
organelles  remained  similar  to  those  of controls, 
whereas  10  minutes  of  anoxia  produced  slight, 
focal swelling which was more severe and general- 
ized after 30 minutes. 
The  microtubules  and  filaments  remained  un- 
FIGURE 4  Outer (4 a) and inner (4 b) portions of rod inner segments shown at the same 
magnification after 1-hour  incubation in control medium. The mitochondria contain well 
defined, longitudinally oriented cristae, and occasional dense granules; their matrices are 
moderately dense.  In both figures, there are microtubules measuring approximately ~00 A 
in diameter.  In 4  b,  the Golgi complex includes membrane profiles  of variable size  and 
density adjacent to the granular endoplasmic reticulum.  X  34,000. 
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deprivation. The mitochondria are swollen; their enlarged matrices are less dense and the spacing of some 
mitochondrial surface membranes and cristae is slightly increased. The endoplasmic reticulum, Golgi com- 
plex, microtubules, and filaments (arrow)  are normal.  X  34,000. changed  during deprivation.  Glycogen particles, 
which decreased in number during incubation in 
control  medium,  were  virtually absent in  inner 
segments deprived of either glucose  alone or glu- 
cose and oxygen for 10 to 30 minutes. 
After recovery in control medium for 40 minutes 
following 20 minutes of oxygen and glucose depri- 
vation, the inner segment mitochondria were sim- 
ilar,  in  diameter,  spacing  of cristae,  number of 
dense particles, and density of matrix, to those  in 
the 1-hour controls (Fig. 7). Also, dilatation of the 
endoplasmic reticulum and Golgi complex, as well 
as the more generalized swelling in receptor cells, 
was  no  longer apparent  (Fig.  7).  This virtually 
complete  reversal  of  the  cellular  and  organelle 
swelling characteristic of the 20 minutes' combined 
deprivation was also observed when the recovery 
interval was extended to 70 minutes, even though 
the tissue preservation was less uniform. 
Rod Synapses 
The complex ultrastructure of the rod  synapse 
is similar to that described in SjSstrand's detailed 
serial-section study of the  guinea pig retina (14) 
and is illustrated in Fig. 9. The bulb-shaped end- 
ings are filled with uniformly distributed synaptic 
vesicles, 300 to 400 A in diameter, which are most 
numerous along the synaptic ribbon. Membrane- 
limited  processes  within  the  synapse  include  a 
complex invagination  of the synaptic surface mem- 
brane which forms the synaptic vacuoles, and the 
dendritic endings of bipolar cells. 
After withdrawal of oxygen and glucose  for  3 
minutes (Fig. 10), the synapfic vesicles were fewer, 
their size was more variable, and their distribution 
was less uniform. In addition to clusters of smaller, 
denser vesicles or tubules, there were a few larger, 
irregular profiles. The contour of the synaptic vac- 
uoles and dendritic endings remained unchanged. 
Extension of the  combined deprivation to  7,  10, 
and 20 minutes resulted in progressive  alterations 
characterized by a further reduction in the num- 
ber of synaptic vesicles, most of which were larger, 
and by their disappearance adjacent to the synap- 
tic ribbon. Large,  membrane-limited spaces,  oc- 
casionally continuous with synaptic vacuoles, and 
variation in  spacing of membranes limiting the 
synaptic vesicles  and dendritic endings were  also 
observed (Fig.  11). The slight but significant syn- 
aptic  swelling observed  at  20  minutes was more 
severe after 30 minutes of oxygen and glucose with- 
drawal; the latter period  also  produced multiple 
discontinuities  in  membranes  surrounding  the 
synapses,  the synaptic vacuoles, and the dendritic 
endings, as well as the replacement of almost all 
synaptic vesicles by irregular profiles and granular 
debris (Fig.  15). 
Synapses in retinas deprived of glucose  for  10 
minutes appeared  normal; 30 minutes of glucose 
withdrawal  produced  a  slight  reduction  in  the 
number of vesicles in some synapses along with the 
appearance of a few dense tubules and larger, ir- 
regular profiles  (Fig.  14). Withdrawal of oxygen 
alone for  10 and 30 minutes produced alterations 
which were similar to those observed after 3 and 20 
minutes of the combined deprivation (Fig.  13). 
In retinas deprived of both oxygen and glucose 
for 20 minutes which then recovered for 40 min- 
utes  in  control  medium,  the  synapses  were  no 
longer swollen.  The synaptic vesicles were normal 
in size, were much more numerous than in the de- 
prived synapses,  and were concentrated along the 
synaptic ribbon. The large spaces  and the varia- 
tions in membrane surrounding the synaptic vac- 
uoles  and  the  dendritic endings were  no  longer 
apparent (Fig.  12). 
Bipolar Cells 
Like neurons elsewhere,  the bipolar cells contain 
small,  randomly distributed  mitochondria,  scat- 
tered profiles  of the granular endoplasmic reticu- 
lum,  and  Golgi membranes. Occasional tubules, 
filaments, and lysosomes are also present; the oval 
nucleus is surrounded by a double membrane with 
pores (Fig. 16). 
Withdrawal of oxygen and glucose for 3 minutes 
produced  moderate mitochondrial swelling (Fig. 
17) which increased progressively after 7,  10,  and 
20 minutes of deprivation and was  accompanied 
by dilatation of the  cisternae of the endoplasmic 
reticulum and of Golgi membranes (Fig. 18). Very 
severe  mitochondrial  enlargement  with  discon- 
tinuities in limiting membranes and fragmentation 
of cristae  were  present in  bipolar cells  after  30 
minutes of combined deprivation; greater dilata- 
tion and fragmentation were also observed in the 
Golgi complex,  the  endoplasmic reticulum,  and 
the nuclear envelope (Fig. 20). 
After  I0 minutes of oxygen withdrawal,  occa- 
sional slight mitochondrial swelling was apparent 
which became more  prominent with  30  minutes 
of anoxia. The bipolar cells appeared normal after 
I0 and 30 minutes of glucose withdrawal. 
After 20 minutes of combined deprivation and 
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the deprived bipolar cells was no longer apparent; 
the size and internal structure of most mitochon- 
dria appeared normal; however, some components 
of the endoplasrnic reticulum and Golgi complex 
remained slightly dilated (Fig.  19). 
Ganglion Cell Myelinated Axons 
The  myelinated  ganglion  cell  axons,  which 
vary in diameter, are collected in bundles adjacent 
to the vitreous in a fan-shaped region of the retina 
extending from the optic disc along the horizontal 
equator. The axons contain 70-A filaments, 200-A 
microtubules,  and  mitochondria  approximately 
0.2 micron in diameter. As Peters has shown (12), 
the myelin sheath, with its lamellar period of ap- 
proximately  120  A,  is  a  spiral;  oligodendrocyte 
cytoplasm is present within the  internal and ex- 
ternal tongue processes  (Fig.  21). 
Moderate  swelling of occasional  axonal mito- 
chondria was present after 3 minutes of oxygen and 
glucose  withdrawal; filaments, microtubules, and 
the myelin sheath  remained normal.  More  pro- 
longed (7,  10, and 20 minutes) combined depriva- 
tion produced progressive  swelling of axons which 
was more frequent in the larger myelinated fibers 
than in the smaller, thinly myelinated or unmye- 
linated axons.  In these  swollen axons, marked mi- 
tochondrial enlargement, replacement of filaments 
and  microtubules by  amorphous  debris,  discon- 
tinuities in the axon membrane, and distortions of 
myelin lamellae were  most frequently observed. 
These alterations were more numerous and severe 
after 30 minutes of combined deprivation. 
The changes resulting from 30 minutes of anoxia 
were less numerous but qualitatively similar (Fig. 
22).  There were no abnormalities after 10 minutes 
of anoxia nor after glucose deprivation for 10 and 
30 minutes. 
In contrast to the other three regions, the mye- 
linated axons which were  allowed to  recover for 
40 minutes after 20 minutes of glucose and oxygen 
deprivation showed essentially the same alterations 
as those which underwent the deprivation alone. 
DISCUSSION 
The  electron  microscopic  appearance  of  retinas 
fixed  immediately after  enucleation and  that  of 
retinas incubated for  1 hour under control condi- 
tions were virtually identical. This degree of struc- 
tural preservation has not been achieved,  to  our 
knowledge, in previous in vitro studies of mamma- 
lian central nervous tissue.  The elimination of ul- 
trastructural alterations due to isolation and incu- 
bation per se was critically important in identifying 
the early, sequential changes produced by depri- 
vation and recovery. 
The electron micrographs reveal that reproduc- 
ible,  generalized,  and  progressive  alterations oc- 
curred soon after withdrawal of oxygen and glu- 
cose.  These changes in fine structure paralleled, 
in a  general way,  the loss of electrophysiological 
function as measured in a previous study (2). After 
oxygen and glucose withdrawal for only 3 minutes, 
a period just sufficient to have abolished the optic 
nerve response to light (Fig.  1), mitochondria were 
swollen and the synapses between rod and bipolar 
cells were partially depleted  of synaptic vesicles. 
When the  period of the combined deprivation 
was extended from 3  to  10 or 20  minutes, there 
were more severe and generalized swelling of or- 
ganelles and some enlargement of the cells them- 
selves; the number of synaptic vesicles was further 
decreased, and other changes appeared in the ar- 
chitecture of the synapses.  If oxygen and glucose 
were  resupplied at this  point, i.e. after  10  or  20 
minutes of deprivation, there  was  a  remarkable, 
almost complete reversal of these morphologic ab- 
normalities, which  was  consistent with  the  high 
degree of functional recovery measured previously 
(Fig. 1). This morphologic reversal was confirmed 
by experiments in which retinas were bisected to 
permit comparison, in halves of the same tissue, of 
the deprivation lesions and the effects of recovery. 
Fmtrn~ 6  Outer (6 a) and inner (6 b) portions of swollen rod inner segments after ~0 
minutes of oxygen and glucose  deprivation. Further enlargement of the matrix is apparent 
in the segmented, more severely swollen mitochondria; the spacing of mitochondrial sur- 
face membranes and cristae is similar to that shown in Fig. 5. In 6 b, profiles of the endo- 
plasmie reticulum and the Golgi complex are  dilated,  but normal microtubules are pres- 
ent in both figures. X 34,000. 
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glucose deprivation followed by 40 minutes of recovery in control medium.  The swelling of the mito- 
ehondria, the Golgl complex, and the endoplasmic reticulum characteristic of this deprivation time (Fig. 6) 
is not present; the appearance of these organelles is similar to that observed after 1-hour incubation in 
control medium.  )< 34,000. 
896  THE JOURNAL OF CELL BIOLOGY " VOLUME  ~6, 1965 FIGURE 8  Swollen outer (8 a) and inner (8 b) portions of rod inner segments after 30 minutes of oxygen 
and glucose deprivation. There are numerous discontinuities (arrows)  in the poorly defined surface mem- 
branes of the inner segments and of the swollen  mitochondria which contain amorphous remnants of 
cristae. Other, larger mitochondria (8 b), with very severe matrix swelling, have intact surface membranes 
and cristae. Discontinuities (arrows)  are also apparent in the endoplasmic reticulum. )< 34,000. 
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Diameters  of Mitochondria  in Rod Inner Segments 
Mean mitochondrial 
Experimental conditions  Number measured  diameter 4- SE 
/Z 
Controls 
After isolation 
1-hour incubation 
2-hour incubation 
Oxygen and glucose deprivation 
10 minutes 
20 minutes 
30 minutes 
Oxygen  and  glucose  deprivation  (20 min- 
utes),  then recovery  (40 minutes) 
38  0.41  4-  0.01 
214  0.39  4-  0.004 
26  0.37  4-  0.01 
24  0.53  4-  0.02 
92  0.59  4-  0.01 
44  0.61  4-  0.02 
31  0.40  4-  0.01 
Extending the combined deprivation to 30 min- 
utes  produced,  in  addition  to  the  above changes, 
multiple discontinuities in cell surface and organ- 
elle  membranes,  which  were  poorly  defined  in 
some areas. Scattered amorphous zones containing 
organelle  remnants  were  also  present.  These 
changes  probably  accompanied  cell  death,  for  if 
oxygen  and glucose were resupplied after 30 min- 
utes  of combined  deprivation,  there  was  neither 
morphological nor functional recovery. 
The  electron microscopic  alterations associated 
with  either  anoxia  or  glucose  withdrawal  alone 
were less marked than those produced by the com- 
bined deprivation. Retinas deprived of glucose for 
10  minutes  appeared  normal,  and  even  after  30 
minutes the changes were slight and limited to re- 
ceptor  cell  mitochondria  and  synapses.  Function 
also failed less rapidly with deprivation of glucose 
alone,  but  the  extent  of  functional  loss  and  its 
limited reversibility (Fig.  1) are not well explained 
by the minor structural  alterations. 
The  anoxic lesions developed  less  rapidly  than 
those  produced  by  the  combined  deprivation, 
but otherwise were similar to them. The alterations 
associated with  10 and 30 minutes of anoxia cor- 
responded  quite  closely  to  those observed  after  3 
and 20 minutes of the combined deprivation. The 
membrane discontinuities and organelle remnants 
seen after 30 minutes of the combined deprivation 
were not observed with anoxia alone,  though it is 
possible that they would have occurred if the ret- 
inas had remained anoxic for a  longer period. The 
rapid  development  of  structural  alterations  after 
withdrawal of oxygen is consistent with the rate of 
functional  loss  during  anoxia  (Fig.  1).  Although 
this was not tested in the present studies, it seems 
likely that there would have been a  high degree of 
structural  recovery  after oxygen  restoration,  both 
because  function  recovered  well  under  these  cir- 
cumstances and because the lesions closely resem- 
bled  those  seen  with  the  combined  deprivation 
which were demonstrated  to be reversible. 
FIGURE  9  Rod  synapses  after  1-hour  incubation  in  control medium.  400-A  synaptic 
vesicles,  the synaptic ribbon (R), synaptic vacuoles (V), and bipolar dendritic endings (D) 
are present in the synapse at the upper left. Between the three synapses there are Miiller 
cell processes (Mu)  which contain glycogen.  X  34,000. 
FIGURE l0  Rod synapses after 3 minutes of oxygen and glucose deprivation. The synaptic 
vesicles are reduced in number and many are swollen. Tubular profiles arc present which 
vary in size and density. The spacing and density of membranes surrounding synaptic 
vacuoles and dendritic endings are normal. X  34,000. 
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may be possible to correlate the extent of morpho- 
logic damage with the expected reduction in high 
energy  phosphates.  With  oxygen  still  available, 
the effects  of removing glucose  would have been 
mitigated by the  rich supply of retinal glycogen 
and the increase in oxidative metabolism following 
withdrawal of exogenous  substrate  (Crabtree  ef- 
fect),  which has been demonstrated in adult rab- 
bit retina  (5).  During anoxia in the  presence of 
glucose, on the other hand, a greater reduction in 
high energy phosphate bonds would be predicted 
because  their  synthesis  by  glycolysis  is  so  much 
less effective  than by oxidative metabolism; this 
probably would be the case  in spite of the large 
increase in glycolysis during anoxia (Pasteur effect) 
observed in retina (5). 
Cohen and Hartrnann measured the reduction 
in high energy phosphates in rabbit cerebral cor- 
tex  slices, incubated for  40  to  60 minutes under 
anoxic conditions or in the absence of glucose; in 
electron micrographs of similar slices, mitochon- 
dria were swollen and discontinuities  were present 
in limiting membranes of enlarged cell  processes 
(6).  Unfortunately, their results did not permit a 
precise correlation between the type of deprivation 
and  the  extent  of  morphologic  and  chemical 
change in the  tissue.  Lowry et  al.  (9)  have pub- 
lished a careful and extensive study of the effects 
of ischemia on the glycolytic substrates in mouse 
brain, in which  they  also  measured  the  level of 
phosphocreatine and ATP. Their data permitted 
calculation of the rate at which high energy phos- 
phate  was made  available to  the  tissue,  and re- 
vealed a sharp drop in its supply after 1 minute of 
ischemia. 
Though differences in  the  levels  of phosphate 
bond energy may thus correlate in a general way 
with the  alterations observed in fine structure, it 
is  unlikely that  this is  the  only factor  involved; 
some of the changes may have been due to  inter- 
ruption of oxidative metabolism per  se  (e.g.  in the 
mitochondria) and others may have been second- 
ary  to  the  combustion of  endogenous substrates 
essential to the integrity of the cell. 
The morphologic changes appeared to fall into 
three  categories:  (a)  Synaptic lesions developed 
promptly, were quite consistent and distinctive in 
their appearance,  and were readily reversible. It 
is possible that these changes correlate with specific 
chemical and functional defects related to the syn- 
thesis and release of transmitter substance, though 
the electron microscopic and chemical characteri- 
zation  of  normal  synaptic  transmission  is  still 
incomplete.  (b)  The reversible swelling of mem- 
brane-bounded structures involved the mitochon- 
dria initially, and later the endoplasmic reticulum, 
the  Golgi  apparatus,  and  the  ceils  themselves. 
Similar changes have been described in ischemic 
liver by Bassi and Bernelli-Zazzera (4).  If water is 
assumed to move across these membranes to equi- 
librium, these changes must reflect the redistribu- 
tion of osmotically important solutes, perhaps as a 
result of active transport failure in the absence of 
available energy. However, other explanations are 
possible,  and  this  problem has  been  extensively 
studied in the  case  of isolated mitochondria (8). 
In the light of these previous studies,  it is of inter- 
est that the reversible mitochondrial swelling ob- 
served in the present experiments was due almost 
entirely to enlargement of the matrix, only minor 
alterations being observed in membrane spacing. 
(c)  The multiple discontinuities in organelle and 
cell surface  membranes developing after 30  min- 
utes of combined deprivation were not reversible 
in the present study, and correlated fairly well with 
the development of irreversible functional  damage. 
Whether  they resulted from mechanical swelling 
FIGUnE 11  Rod synapses after ~0 minutes of oxygen and glucose deprivation. There is a 
marked reduction in the number of synaptic vesicles in all three synapses. Large, irregular 
spaces are present in the left and right synapses, and all three synapses contain a few dense 
tubular profiles. Variations in the spacing and density of the membranes surrounding the 
dendritic endings and synaptic vacuoles are also apparent.  X 34,000. 
I~GVRE 1~  Rod synapses after ~0 minutes of oxygen and glucose deprivation followed by 
40 minutes of recovery in control medium. The alterations characteristic of this depriva- 
tion (Fig. 11) are no longer apparent.  Many normal synaptic vesicles are present in both 
synapses and arc most numerous adjacent to the synaptic ribbons. The spacing and density 
of synaptic membranes are normal. X $4,000. 
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cent to the synaptic ribbon; elsewhere, the vesicles appear swollen and are greatly reduced in number. 
A large, irregular space is surrounded by vesicular profiles of varying size, and there is variable spacing of 
synaptic vacuole membranes. X  84,000. 
FIGURE 14  Rod  synapses after 30 minutes of glucose deprivation. The  right synapse contains fewer 
synaptic vesicles than the left one; small tubular profiles (arrows)  of increased density are present in 
both synapses. The synaptic membrane spacing is normal.  X  84,000. 
FIGURE 15  Rod synapses after 30 minutes of oxygen and glucose deprivation. There are no synaptic 
vesicles of normal size and density, although a few swollen vesicles and dense tubules are present in the left 
synapse.  The  spacing  and  density  of  membranes  surrounding  the  synapses,  synaptic  vacuoles, 
and dendritic endings are variable and poorly defined in many regions; some membranes may be dis- 
continuous (arrows).  X  34,000. 
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brane components is not clear.  It might be postu- 
lated that these gaps, by allowing free exchange of 
solutes through the membrane, irreversibly altered 
the chemical composition of the fluids within  or- 
ganelle  and  cytoplasmic  compartments  and  thus 
destroyed  the restorative capabilities of the cell. 
Very severe organelle and  cellular swelling has 
been  described  in  hamster  cortex  subjected,  in 
vivo,  to  repeated  nitrogen  asphyxiation  (7).  Al- 
though  precise  comparison  is  difficult,  owing  to 
differences  in  experimental  technique  and  the 
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FIGURE 16  Bipolar cell after 1-hour  incubation in control medium. Mitochondria, cister- 
nae of the granular endoplasmic reticulum, and Golgi membranes lie above the nucleus. 
)< 34,000. 
FIGURE 17  Bipolar cell after 3 minutes of oxygen and glucose deprivation. In the swollen 
mitochondria, there are enlargement of the matrix and preservation of the normal cristae 
and surface membrane spacing.  Some gramdar endoplasmic reticulum cisternae and Golgi 
membranes are dilated.  X  84,000. 
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more generalized enlargement of the mitochondrial matrices and of profiles of the endoplasmic reticuhmL 
The normal spacing of mitochondrial, nuclear, and cell surface membranes is preserved.  )< 84,000. 
FIGURE 19  Bipolar cell after ~0 minutes of oxygen and glucose deprivation followed by 40 minutes of 
recovery in control medium. The mitochondrial matrices and the profiles of the endoplasmic reticulum are 
not enlarged, although some profiles of Golgi membranes remain dilated )< 84,000. 
FIGURE ~0  Swollen bipolar cell after 30 minutes of oxygen and glucose deprivation. There are surface 
membrane discontinuities (arrows) and greatly enlarged matrices with remnants of cristae in the severely 
swollen mitochondria. Amoq)hous debris occupies most of the cytoplasm, along with a few dilated profiles 
of the endoplasmic reticulum. The layers of the nuclear envelope are separated. )< 34,000. 
H. DEF. WEBSTER AND A. AMES, 8RD  Oxygen  and Glucose Deprivation in Nervous Tissue  907 FIGURE  ~1  Ganglion cell myelinated axons after  1-hour incubation in control medium. 
Filaments, tubules, and mitochondria are present in the axons.  )<  34,000. 
FIGUI~E ~  Ganglion cell myelinated axons after 80  minutes of anoxia.  No  cristae  are 
apparent in two severely swollen mitochondria (arrows).  Although filaments and tubules 
remain clearly defined in the six smaller axons, they are not present in the swollen axon 
on the right.  )<  34,000. 
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